Ca2+ plays a pivotal role in the regulation of hair cell function. From ,mechanoelectrical transduction at the cell's apex to the release of neurotransmitter at its base, Ca*+ acts continuously to either effect or affect diverse cellular processes. The ability of Ca'+ to perform its various local tasks rests simply on the steep gradients in the activity of Ca*+ that are encountered in the vicinity of open Ca*+ channels (Simon and Llinas, 1985) . The sphere of influence of Ca2+ is thus reduced to microdomains, outside of which the ion's activity is probably too low to effect a change in cellular events (Roberts et al., 1990; Llinas et al., 1992; lssa and Hudspeth, 1994) . The ion's reach is further restricted by cytoplasmic buffers as well as by extrusion mechanisms. Thus, the spatial segregation of the Ca*+ permeation pathways and of the targets of Ca2+ action enables the hair cell to employ the same messenger to convey different messages.
Although the involvement of Ca*+ in these processes is unquestioned, our current understanding of the mechanisms by which this influence is exerted remains far from complete. Here, I discuss the role of Ca2+ in several hair cell processes, with particular attention to the light shed on this question by recent work of Denk et al. (1995) and by Tucker and Fettiplace (1995) appearing in this issue (for references and an alternative treatment of these issues, see Lenzi and Roberts, 1994) . Mechanoelectrical Transduction The hair bundle, the hair cell's mechanosensitive organelle, consists of 30-300 specialized processes named stereocilia, arranged in ranks of increasing height (Figure 1) . The rigid stereociliary cytoskeleton is formed by several hu?dred actin filaments, which are cross-linked by fimbrin. Immediately above the stereociliary insertion into the hair cell, this cytoskeleton narrows to just a few dozen filaments. Deflection of the hair bundle in the positive direction (toward its tall end) causes the rigid stereocilia to pivot around their slim bases, resulting in shear between their tips. This shear causes the cation-selective transduction channels to open, initiating a chain of events that culminates in the release of transmitter at the base of the cell.
The most successful model for mechanoelectrical transduction proposes that transduction channels are directly opened by elastic elements, the gating springs, located near the tips of stereocilia. This location has been proposed on the basis of extracellular recordings that place the site of transduction current into the hair cell at the bundle's top and, more recently, by spatially mapping the local sensitivity of transduction channels to blocking by aminoglycosides (Denk et al., 1995 , and references therein).
Contradictory
results were reported in a study conducted on chicken hair cells, in which an attempt was made to localize the transduction channels on the basis of their permeability to Caz+. Following a hair bundle deflection in the positive direction, the intracellular C3+ concentration increases in the cuticular plate, where stereocilia are planted, suggesting a basal location of the transduction channels. Because all models of mechanoelectrical transduction depend critically on the hypothesized location of the channels, this is a question that warrants further study. In this issue of Neuron, Denk et al. present conclusive evidence that directly contradicts these latter results and clearly localizes the transduction channels to the tips of stereocilia. In this study, the authors employ the Ca2+-sensitive dye Calcium Green, in combination with two-photon laser scanning microscopy, to determine the site of Ca*+ entry during transduction, and hence the location of the transduction channels. In acomplementary series of experiments, Lumpkin and Hudspeth have followed a similar approach, employing conventional confocal microscopy and the Ca2+-sensitive dye Fluo 3 to address the same question (Lumpkin and Hudspeth, 1995) . These experiments were performed with dissociated hair cells that were mechanically stimulated with small glass probes attached to the hair bundle. Their equally conclusive results leave no doubt about the site at which transduction channels are located, placing them firmly near the tips of stereocilia.
A tip location is further strengthened by the parallels between the tip links, the fine filaments that bridge the tips of adjacent stereocilia, and the gating springs ( Figure  1 A) (Pickles et al., 1984) . Two sets of observations support the notion that gating springs and tip links are one and the same. First, tip links are the only structural elements in the hair bundle whose orientation allows for a simple explanation of the directional mechanosensitivity of hair cells. Second, Ca*+ plays an important role in the transduction apparatus; in the absence of external Ca2+, transduction promptly and irreversibly disappears. Mechanical experiments indicate that the gating springs become disconnected in the absence of Ca2+, a treatment that also causes the tip links to vanish (Assad et al., 1991; Crawford et al., 1991) .
If tip links act as the gating springs, then one would like to know whether the transduction channels are either at one or at both extremes of the tip link. This question can be approached statistically, by counting the number of channels per stereocilum. Because most stereocilia are contacted by two tip links (Figure l ), an estimate of 1 channel per stereocilium would imply that the transduction channels are located only at one end of the tip link. Uncertainties derived from counting techniques, compounded by the variability in the number of stereocilia as well as by the loss of transduction channels that takes place in most preparations, have precluded the resolution of this question. In their recent experiments, Lumpkin and Hudspeth (1995) determined the site of Ca2+ entering through some of the transduction channels to be slightly below the stereociliary tip. Because this is the location at which the tip link contacts the tallest of two stereocilia bridged by a tip link, this result suggests that at least some transduction channels are located on the "high" end of the tip link. Denk et al. go further, by demonstrating that during transduction Ca2+ enters many of the shortest as well as the tallest stereocilia. The clear implication is that transduction channels can be, and probably always are, located on both ends of the tip link.
Although this possibility had not escaped the attention of workers in this field, its implications have not been fully worked out. For example, the relationship between hair bundle displacement and transduction current departs slightly from the single Boltzmann function that would be expected if transduction were due to a population of identical channels capable of adopting one of two states (open and closed). This discrepancy can be explained by a second closed channel state from which the channel cannot directly open. Such a scheme to explain the experimental data might not be necessary if the resting tension experienced by the channels'gates or the mechanical sensitivity of the channels were different at each end of the tip link. However, a three-state gating model is still required to explain the asymmetry of the displacement versus stiffness relationship of the hair bundle (Howard and Hudspeth, 1988) .
Denk et al. also go on to refit Howard's data, assuming that channels are located at both ends of the gating springs and that they follow a two-state kinetic scheme (open versus closed). The model is further modified to account for the fact that adaptation of the transduction current is incomplete; i.e., a small bias in the opening probability of the transduction channels persists during a maintained stimulus. As a result, the estimate of the swing of the trans- duction channel's gate drops from 4 to 2 nm, a value still consistent with the molecular dimensions of ion channels.
A model of transduction with channels at both ends of the gating spring implies negative cooperativity between channel pairs: as the gate of one channel opens, tension in the spring declines slightly, lowering the probability of opening the channel at the other end. The physiological significance of this negative interaction is probably minimal. Nevertheless, its experimental demonstration could contribute to furthering the model. Adaptation The permeability of the transduction channel to Ca2+ is not just a convenient property for locating the transduction channels. Ca*+ coming into the hair bundle via the transduction channels plays a crucial role in determining the resting tension in the gating springs, through the process of adaptation. By readjusting the tension in the gating springs, adaptation enables the hair cell to maintain its sensitivity in the presence of a maintained deflection.
Most data favor an active model for adaptation (Assad and Corey, 1992) . This model involves a myosin motor coupled to the transduction channel on the high side of the tip link (Figure 2 ) (for references and a more detailed description, see Gillespie, 1995 ; for an alternative model for adaptation, see Crawford et al., 1989 ). This motor is thought to climb along the actin cytoskeleton to increase tension in the tip links, thereby reducing the slack caused by adeflection in the negative direction. Following adeflection in the positive direction, Ca2+ coming in through the transduction channel binds to the myosins'regulatory light chains, causing the motor to slip. Preliminary evidence points to myosin 18 as the motor myosin and to calmodulin as its Cap+-sensitive regulator. Thus, by adjusting tension A complex motor comprising tens of myosins hydrolyzes ATP to drag the mechanoelectrical transduction channel on the tall stereocilium along the actin cytoskeleton, increasing the tension in the tip link. As the tension in the tip link increases, the channels tend to open. Ca*+ entering through the channel on the high end of the tip link binds to calmodulin, which promotes the dissociation of myosin, allowing the motor to slip. As the channels close, and as Ca*+ is cleared, climbing of the motor resumes. The different processes that are described above ale
